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Given the potential relevance of long-chain -3 fatty acids such as EPA in human diseases of the colon, it is surprising that relatively little is known about how these compounds act at the cellular level in colonic epithelial cells. EPA can directly influence inflammation by replacing arachidonic acid as a substrate for enzymes involved in prostaglandin production (48) . It is also metabolized to resolvin E1, an anti-inflammatory mediator that exerts potent effects on immune cells (46) , including resident immune cells of the colon (21) . EPA is known to interact with various intracellular signaling cascades such as mitogen-activated protein kinases (including extracellular-signal-regulated kinases, c-Jun NH 2 -terminal kinase, and p38), or phosphoinositide 3-kinase (1, 10, 13, 17, 27) , culminating in the activation or inactivation of key transcription factors (e.g., NF-B or the peroxisome proliferator-activated receptors PPAR␣ and PPAR␥) (23, 42) .
The fundamental intracellular second messengers Ca 2ϩ and cAMP can potentially intersect with the above signaling pathways on multiple levels. These messenger molecules are typically generated intracellularly following activation of cell surface G protein-coupled receptors (GPCRs). Both Ca 2ϩ and cAMP are well documented to participate in the inflammatory response, including long-term transcriptional control. Here we investigated whether EPA could influence Ca 2ϩ or cAMP signals in colonic epithelial cells. Current knowledge on this subject, even in noncolonic cell types, is very limited. EPA has been shown to cause an increase in cytosolic [Ca 2ϩ ] in cardiomyocytes (22) , endothelial cells (34) , erythrocytes (49), fibroblasts (NIH-3T3) (35) , breast cancer cells (22) , and T cells (12) . EPA seems to inhibit cAMP formation in adipocytes (54) and MCF-7 human breast cancer cells (45) while apparently increasing cAMP in renal A6 cells (32) and glioma cells (44) .
In content of the ER Ca 2ϩ store, we have named it "storeoperated cAMP signaling" (26) . While this phenomenon is manifest to varying extents in different cell types, we have noted that it is particularly prominent in epithelial cells derived from colon. The data presented here indicate that the majority of the EPA-induced cAMP production occurs via this mechanism in NCM460 cells. This study shows how dietary factors that release ER Ca 2ϩ stores can lead to cAMP signaling that is apparently independent of physiological modes of GPCRdependent activation.
MATERIALS AND METHODS
Cell culture. Wild-type NCM460 cells (InCell, San Antonio TX), or an NCM460 cell line stably expressing the Epac H30 sensor (26) (see below), were grown in M3:10 medium (INCELL, San Antonio, TX). NCM460 cells are considered to be "normal" (noncancer) of colonic crypt epithelial origin (33) . HeLa cells and Caco-2 cells, a heterogeneous cell line derived from human colorectal adenocarcinoma (both from ATCC), were grown in DMEM supplemented with 10% FBS and 0.5% antibiotics (penicillin/streptomycin).
] was measured using the ratiometric indicator fura 2 (16) . Measurements of [Ca 2ϩ ] within the agonist-and inositol-1,4,5-trisphosphate (InsP3)-sensitive internal store in digitoninpermeabilized cells were obtained using compartmentalized mag-fura 2, a low-affinity Ca 2ϩ indicator, as described previously (19, 20) . Cells were loaded in tissue culture medium at 37°C for 35 min with fura 2-AM (2 M) or for 20 min with mag-fura 2-AM (2-5 M). When cells were preloaded with 1,2 bis (2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid acetoxymethyl ester (BAPTA-AM) and fura 2, the chelator was added during the last 20 min of dye loading to ensure cytosolic retention (final concentration 20 -40 M).
Fura 2 and mag-fura 2 ratios were acquired using a fluorescence ratio imaging set-up running Metafluor software (Universal Imaging, West Chester, PA) as described previously (26) . Cells were excited alternately at 340 and 380 nm for 80 ms through a ϫ40 [numeric aperture (NA) 1.4] oil immersion objective. The excitation wavelengths were generated using a microprocessor-controlled filter wheel (Sutter Instruments) placed in the path of a 100-W mercury light source. Pairs of fluorescence images (emission collected above 510 nm) were captured by a Hamamatsu ORCA ER charge-coupled device camera every 4 s, and converted to a ratio image by the Metafluor software.
Measurement of intraluminal ER [Ca 2ϩ ] in permeabilized cells. As described previously (20) , mag-fura 2-loaded cells were rinsed briefly in a high-K ϩ solution (in mM: 125 KCl, 25 NaCl, 0.1 MgCl2, and 10 HEPES, pH 7.20) and then exposed for 2-3 min to an "intracellular buffer" (the same solution with free [Ca 2ϩ ] clamped to 170 nM using Ca 2ϩ /EGTA buffers and supplemented with 1 mM Na2ATP) also containing 5 g/ml digitonin at 37°C. After plasma membrane permeabilization, cells were continuously superfused with intracellular buffer (without digitonin). Ratio measurements of compartmentalized mag-fura 2 fluorescence were performed as above.
Quantification of STIM1 translocation using total internal reflection fluorescence microscopy. NCM460 cells were transiently transfected with STIM1-YFP (kind gift of Tobias Meyer, Stanford University) (28) as described previously (26) . Total internal reflection fluorescence (TIRF) microscopy is an optical technique that permits excitation of fluorophores in an extremely thin (ϳ100 nm) plane exclusively at the interface of two materials of differing refractive indexes (e.g., the cover glass and the aqueous phase just under the cell membrane). TIRF data were acquired in real time (one data point every 5-10 s) using a "white-light" TIRF accessory (Nikon T-FL-WTIRF) and a ϫ60 1.45 NA Plan Apo TIRF oil immersion objective mounted on a Nikon TE2000-U microscope (26) . Metafluor software (Molecular Devices) was used to control hardware and acquire single wavelength fluorescence data as for other imaging experiments.
Measurement (55). These reporters (kindly provided by Kees Jalink, Netherlands Cancer Institute) are soluble monomeric constructs that rely on conformationdependent FRET between YFP-and CFP-labeled fragments of the Epac protein (38) .
An NCM460 cell line stably expressing EpacH30 was used for most cAMP imaging experiments (25, 26) . Wild-type NCM460, CaCo-2, and HeLa cells were transiently transfected with EpacH30 or EpacH90 using the Effectene transfection reagent (Qiagen, Valencia, CA) (26) . Real-time digital imaging measurements of the 480 nm-to-535 nm FRET emission ratio (reflecting the degree of Epac conformational changes and, hence, intracellular cAMP levels) were carried out on subconfluent cells using a Metafluor-based imaging set-up and the perfusion apparatus described above.
Immunoassay for cAMP. Subconfluent NCM460 and Caco-2 cells were trypsinized and washed two times with Ringer solution. Cell pellets were divided in half and suspended in equal volumes of Ca 2ϩ -free Ringer alone or Ringer complemented with 50 M EPA. After treatment (10 min), cells were lysed using 0.1 M HCl, and cAMP was measured using the Correlate-EIA Direct cAMP kit (Assay Designs, Ann Arbor, MI) according to the manufacturer's instructions.
Solutions and materials. Unless otherwise stated, all chemicals were purchased from Sigma (St. Louis, MO). Experiments were performed with a Ringer solution containing (in mM) 121 NaCl, 2.4 K 2HPO4, 0.4 KH2PO4. 1.2 CaCl2, 1.2 MgCl2, 5.5 glucose, and 10 HEPES/NaOH, pH 7.40. InsP3, fura 2-AM, mag-fura 2-AM, and BAPTA-AM were obtained from Molecular Probes/Invitrogen (Carlsbad, CA), and EPA was from Cayman (Ann Arbor, MI). The final solvent concentration (DMSO or ethanol) never exceeded 0.1%.
Data analysis and statistics. Mean values are expressed Ϯ SE of n individual experiments performed. The significance of the observations was evaluated by Student's t-test for paired or unpaired data as appropriate. ] to increase as measured by fura 2 in both the presence and absence of extracellular Ca 2ϩ , indicating that the response was generated predominantly by release of Ca 2ϩ from intracellular stores, and not Ca 2ϩ entry from the extracellular space. Figure 1A depicts the averaged response of 16 cells from a single experiment (typical of n ϭ 129 cells, 6 experiments). As shown in Fig. 1B , the profile of this response was highly variable when examined at the single cell level and included oscillatory signals (ϳ18% of cells), small Ca 2ϩ transients (ϳ32%), and responses that were barely detectable (ϳ50%). Of those cells in which a measurable Ca 2ϩ signal was observed, the increase in the fura 2 ratio was typically much slower and of smaller amplitude (40.02 Ϯ 8.47%; 59 cells, 11 experiments) than the response in the same cells to purinergic stimulation using 100 M ATP, or to cholinergic stimulation with 100 M carbachol. Pretreatment for 30 min with 250 nM thapsigargin, a selective and irreversible inhibitor of the sarcoendoplasmic reticulum Ca 2ϩ -ATPase (SERCA), a maneuver known to cause passive depletion of Ca 2ϩ from the ER, completely abolished the response of all NCM460 cells to EPA (data not shown; 49 cells, 3 experiments).
RESULTS

EPA releases
We previously noted that maneuvers known to cause depletion of ER Ca 2ϩ stores (e.g., SERCA inhibition using tert-butyl hydroquinone or thapsigargin) did not always lead to overt increases in cytosolic Ca 2ϩ in NCM460 cells (possibly reflecting efficient compensation by the Ca 2ϩ homeostatic machinery in this cell type). Therefore, the inconsistent response to EPA as measured by fura 2 is difficult to interpret. We therefore performed direct measurements of ER [Ca 2ϩ ] using the lowaffinity Ca 2ϩ indicator mag-fura 2 (19, 20) . The propensity of this indicator to become trapped in organelles allowed us to evaluate the time course, extent, and reversibility of free [Ca 2ϩ ] changes in the lumen of InsP 3 -sensitive Ca 2ϩ stores (i.e., the ER). As expected, a supramaximal dose of InsP 3 (10 M) caused a rapid, reversible drop in the 340-to-380 nm mag-fura 2 ratio of digitonin-permeabilized NCM460 cells (Fig. 1C) because of release of Ca 2ϩ from internal stores. Note that this also demonstrates that the permeabilization procedure was successful since InsP 3 is membrane impermeant. EPA (50 M) elicited a large (albeit slower) decrease in the mag-fura 2 ratio in all cells that was not additionally susceptible to release by InsP 3 , indicating that the PUFA was able to directly release Ca 2ϩ from InsP 3 -sensitive stores, even in permeabilized cells. Conversely, EPA did not cause significant further reduction in the mag-fura 2 ratio after InsP 3 addition (Fig. 1D) . The Ca 2ϩ ionophore ionomycin consistently released a small residual component after EPA or InsP 3 treatment, indicating the presence of a separate Ca 2ϩ -accumulating compartment resistant to both InsP 3 and EPA.
In keeping with the above findings, EPA was also able to elicit relocalization and clustering of the ER Ca 2ϩ sensor STIM1 in intact NCM460 cells. It is now well established that STIM proteins are localized within the bulk ER at rest and redistribute to form aggregates just under the plasma membrane following ER Ca 2ϩ store depletion (39) . We transiently transfected NCM460 cells with STIM1-YFP and used TIRF microscopy to quantitatively assess the translocation of STIM1 to the plasma membrane following EPA treatment (Fig. 1E) . EPA addition in a Ca 2ϩ -free medium caused accumulation of STIM1-YFP at the cell surface, reflected as an increase in the TIRF intensity. When EPA was washed out, there was no redistribution of the STIM1-YFP in the bulk ER until Ca 2ϩ was readmitted to the bath. This was expected, since extracellular Ca 2ϩ is needed to refill internal stores (19) , and thus reverse the clustering of STIM1. The effect of the Ca 2ϩ ionophore ionomycin is shown for comparison in the same cell. Collectively, the data presented in Fig. 1 , A-E, indicate that 50 M EPA caused the loss of Ca 2ϩ from the ER by an unspecified mechanism.
EPA causes intracellular cAMP to become elevated in NCM460 and CaCo-2 cells. Epac-and FRET-based cAMP sensors (EpacH30 or EpacH90) were used to monitor cAMP in single NCM460 cells. At the end of each experiment, cells were typically challenged with saturating concentrations of the direct AC activator forskolin (50 -100 M) and the PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX, 0.5-1 mM) to establish the maximal 480-to-535 nm FRET emission ratio change. Virtually all NCM460 cells responded to 50 M EPA with an elevation in cAMP (107 over 108). Figure 2A shows that this increase in [cAMP] was fully reversible upon wash out of EPA, provided Ca 2ϩ was present in the bathing solution. A second, somewhat smaller response (73.0 Ϯ 2.5% of first response, 56 cells, 10 experiments, P Ͻ 0.001) was observed when cells were challenged again with EPA after a brief interval. The amplitude of the FRET ratio change following EPA was substantial, being 56.49 Ϯ 7.02% of the maximal response produced by forskolin (100 M) or forskolin plus IBMX (1 mM). The efficacy of EPA in elevating intracellular cAMP was comparable to that of the endogenous agonist PGE 2 (50 nM; Fig. 2B ), although the time course was significantly slower. It is possible that EPA could actually become metabolized to prostaglandins via cyclooxygenase (COX) enzymes, directly stimulating cAMP production and/or Ca 2ϩ signaling through various prostanoid receptors. We tested the actions of the nonselective COX inhibitor indomethacin (10 M) but found no effect of the drug on EPA-induced cAMP signals in NCM460 cells (data not shown; n ϭ 5 experiments, 61 cells).
EPA was also able to elicit a pronounced increase in cAMP in most CaCo-2 cells (28/33 cells, 19 experiments). The response was 54.5 Ϯ 8.1% (22 cells, 11 experiments) of that of forskolin, but in these cells it was impossible to evaluate the effect of two consecutive EPA additions because of the generally poor reversibility to agonist treatment in this cell type, as shown in Fig. 2C .
EPA induces an increase in total cellular cAMP. As independent confirmation that the EPA-induced FRET ratio changes depicted in Fig. 2 , A-C, reflected actual changes in [cAMP], we measured total cAMP using a commercial quan- titative competitive immunoassay kit. Figure 2D shows that treatment with EPA (50 M for 10 min) yielded a significant increase in cAMP in both NCM460 (P Ͻ 0.02) and CaCo-2 (P Ͻ 0.003) cells.
EPA-induced elevation of cAMP depends in part on depletion of ER Ca
2ϩ stores. To test whether cytosolic Ca 2ϩ was involved in the EPA-stimulated cAMP changes, we first established the magnitude of a control response to EPA and compared this with the response in the same cell following loading of the Ca 2ϩ chelator BAPTA-AM on the microscope stage (Fig. 3A) . Parallel experiments showed that this loading protocol was effective in clamping cytosolic Ca 2ϩ to resting levels following agonist stimulation (data not shown). The cAMP response to EPA was still apparent (52.2 Ϯ 5.3% of first EPA response; n ϭ 26 cells, 5 experiments, compared with control in Fig. 2A ) after BAPTA-AM treatment, indicating that this effect did not rely entirely on the elevation of cytosolic [Ca 2ϩ ]. Because we have shown previously that depletion of ER Ca 2ϩ with ionomycin causes cAMP to become elevated in NCM460 cells via a STIM1-dependent, store-operated cAMP signaling process, we considered that the effect of EPA might occur through this mechanism. When we first released the internal stores using ionomycin in a Ca 2ϩ -free solution, we observed, as expected, an increase in the FRET ratio (Fig. 3B) . We have shown previously that this response to ionomycin does not depend on the elevation in cytosolic Ca 2ϩ , but rather, relies exclusively on the lowering of [Ca 2ϩ ] within the ER lumen. Subsequent treatment with EPA caused only a minimal increase in the ratio (24.3 Ϯ 6.7% of the maximal ratio change vs. 80.3 Ϯ 3.8% under control conditions in the absence of ionomycin; data from n ϭ 4 experiments/38 cells and 4 experiments/31 cells, respectively; P Ͻ 0.001). This suggests that most of the EPA-induced cAMP elevation required an intact ER Ca 2ϩ store. In contrast, when cells were challenged first with EPA in Ca 2ϩ -free solutions (producing a large increase in cAMP as measured by the FRET ratio), the large response usually observed with ionomycin was completely abolished (Fig. 3C ), pointing to a common mechanism of action for EPA and ionomycin (typical of n ϭ 4 experiments/38 cells).
Taken together, the most likely explanation for the data from Fig. 3 , A-C, is that the majority of the cAMP generated upon EPA treatment derives from the store-operated cAMP pathway. Consistent with this interpretation, EPA only modestly affected cAMP production in noncolonic HeLa cells (Fig. 3D) , a cell type that we have shown previously to lack this ER-and STIM-dependent cAMP signaling mechanism (26) . Moreover, we previously reported that this pathway is suppressed when intracellular [Ca 2ϩ ] is high (26) . It is therefore noteworthy that the elevation in the FRET ratio stimulated by EPA was consistently augmented by removal of Ca 2ϩ from the bath (typical of 83 cells in 5 experiments; Fig. 3E ).
Although the collective data of Fig. 3 support the idea that EPA acts through a store-operated mechanism, Fig. 3B indicates that there is a residual effect of EPA that is independent of ER Ca 2ϩ stores. In light of data from Dubois and colleagues (15), we considered the possibility that EPA might additionally elevate cAMP through effects on PDEs in NCM460 cells. We therefore tested the action of the nonspecific PDE inhibitor IBMX (1-2 mM) in NCM460 cells. As shown in Fig. 4A , when the store-operated component of EPA was eliminated by pretreatment of cells with ionomycin, EPA was no longer able to generate an increase in intracellular cAMP in the presence of IBMX (trace typical of n ϭ 6 independent experiments, 38 cells). Figure 4B shows a typical experiment in which the response to EPA was tested in the presence or absence of IBMX and vice versa in the same cell. As shown in Fig. 4B and summarized in Fig. 4C , the response to EPA was significantly suppressed by IBMX (P Ͻ 0.0001, 24 cells, 3 experiments), and, conversely, the response to IBMX was significantly inhibited by the -3 fatty acid (P Ͻ 0.0001, 11 cells, 2 experiments). The reciprocal inhibition of EPA and IBMX is a strong indication that the two compounds act on the same target (PDE). From these data we can infer that the increase in cAMP observed in response to EPA was at least partially due to an inhibitory action of the -3 fatty acid on PDE and that this effect was not mediated by ER Ca 2ϩ .
DISCUSSION
Diseases of the colon such as inflammatory bowel diseases and colorectal cancer are particularly prevalent in those developed countries consuming rich Western diets. That dietary habits influence cancer susceptibility is incontrovertible; however, maximizing the potential benefits of "healthy" foods requires an understanding of how specific bioactive components contained within those foodstuffs work at the cellular level. At the same time, it must be recognized that "nutraceuticals," such as EPA, although not widely appreciated as such, are in effect potent pharmacological agents. Indiscriminate use of refined and concentrated preparations of these unregulated compounds may present potential public health hazards.
PUFAs in the diet are mostly absorbed in the upper gastrointestinal tract such that only a small percentage is ultimately delivered to the colonic lumen (36) . However, recent studies have shown that supplementation with 2 g/day of fish oil for 4 wk resulted in plasma concentrations of EPA in excess of 100 M (31). In this work, we demonstrated that acute treatment with 50 M EPA led to a gradual release of intracellular Ca 2ϩ stores in colonic cells, which in turn activated the clustering of the ER-resident protein STIM1 in "punctae" at ER-plasma membrane junctions (Fig. 1) . This store depletion was responsible for the large majority of cAMP produced upon EPA treatment in NCM460 cells, working through a previously described "store-operated" cAMP signaling mechanism in colonic cells that links STIM1 translocation to AC activation (26) . This action was independent of cytosolic Ca 2ϩ , since it was not eliminated by loading cells with BAPTA-AM (Fig.  3A) , but it was very much reduced when ER stores had been emptied by pretreatment with the Ca 2ϩ ionophore ionomycin (Fig. 3B) .
Although our study did not address how EPA caused the emptying of internal Ca 2ϩ stores, our experiments in digitoninpermeabilized cells (Fig. 1C) suggest that this effect occurs directly at the level of the ER membrane. Modifications of the lipid environment (such as would occur following incorporation of n-3 PUFAs in the ER membrane) are well known to affect the activity of membrane transporters, so it is possible that EPA or a metabolite thereof directly activates Ca 2ϩ release channels in the ER membrane (48) . These data emphasize how xenobiotic agents that release intracellular Ca 2ϩ stores, even with a slow kinetic that results in minimal elevation of cytosolic [Ca 2ϩ ], can elicit cAMP generation in the absence of physiological hormonal activation of G s ␣-coupled GPCRs in colon-derived cells.
A small fraction of the cAMP generated in response to EPA was dependent neither on cytosolic nor ER Ca 2ϩ in NCM460 cells. This residual effect was due to the apparent inhibition of PDEs, the enzymes that degrade cAMP, as judged by the sensitivity of this phenomenon to the broad-spectrum PDE inhibitor IBMX (Fig. 4) . These results are consistent with previous reports in rat cardiomyocytes suggesting that PUFAs can inhibit cAMP and cGMP PDE activity (15, 37, 48) .
Widespread anecdotal reports and clinical evidence have documented diarrhea to be a major unwanted side effect of supplemental fish oil ingestion (6, 8) . In the human colon, both Ca 2ϩ -and cAMP-generating agonists activate electrogenic Cl Ϫ movements that underlie fluid transport (24, 43) . Cl Ϫ secretion occurs via apical membrane Cl Ϫ channels acting in conjunction with the basolateral membrane Na ϩ -K ϩ -2Cl Ϫ cotransporter. Parallel activation of K ϩ channels can further enhance secretion. Efficient anion secretion in the colon is generally believed to require functional cystic fibrosis transmembrane conductance regulator, which is cAMP and protein kinase A dependent (18) . Our results showing that EPA can potently elevate cAMP (and presumably anion and fluid transport) in colonic cells provides a plausible mechanistic explanation linking ingestion of high doses of fish oil with diarrhea.
Much recent work has emphasized the link between PGE 2 signaling via EP2/EP4 receptors during inflammation and adenoma formation in the colon (14, 30, 47, 50) . These two PGE 2 receptor subtypes are coupled to cAMP signaling in colonic epithelial cells. EPA likely influences the activity of multiple cell types within the complex landscape of the colonic mucosa, including resident immune cells that mediate the inflammatory response; however, the direct effects of EPA on second messenger signaling in colonocytes may also figure in the progression of these cells down the pathway to tumor formation. Chronic elevation of cAMP might be predicted to be deleterious to the cell; however, the actions of long-term dietary supplementation with -3 fatty acids on cAMP signaling may differ from the short-term actions observed in the present study. It remains to be seen whether these cells are direct targets of the anti-tumor actions of EPA or its metabolites in vivo. 
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